We measured slurry temperature and the friction force at the pad-slurry-wafer interface during Chemical Mechanical Planarization (CMP). The temperature of the slurry was estimated using dual emission laser induced fluorescence (DELIF) techniques, an optical technique that can measure the temperature beneath a glass wafer during polishing using a two camera imaging system. An infrared camera and a thermocouple were also used to measure bow wave temperatures. Simultaneously we monitored the friction force between wafer and pad. Wafer curvature was found to affect process temperatures. Polishing concave wafers (outer edges of which slope towards the pad) resulted in bow wave temperatures that were 3°C to 5°C higher than those corresponding to convex wafers (outer edges of which slope away from the pad). Similarly, slurry temperatures under the concave wafers were 5°C to 6°C higher than temperatures measured beneath the convex wafers (±0.5°C). Further, greater temperature corresponds to greater frictional forces. The correlation between the bow wave temperature and the temperature beneath the wafer was found to be linear for both wafer shapes, as was the correlation between the process temperatures and the friction forces.
INTRODUCTION
There is a need to measure temperature during the Chemical Mechanical Planarization (CMP) process in order to understand and control the impact that temperature has on the material removal process. Increasing temperature at the slurry-wafer interface enhances the chemical reactions that take place on the wafer surface. These reactions act to weaken the surface layer, facilitating removal by abrasives. Sugimoto et al. [1] found as much as a 40 nm/min increase in oxide removal rate with a temperature increase of just 10°C. The relationship between removal rate and temperature was found to be linear. Li et al. [2] found that the oxide removal rate increased from 150 nm/min to 250 nm/min when the slurry temperature was increased from 20°C to 75°C. They attribute this removal rate increase to a decrease in the pad shear modulus as the temperature increases. This enables more abrasives to come into contact with the wafer surface, increases removal rate, and yields better wafer surface uniformity.
Pad temperature can be used as an indicator of polish endpoint, specifically for metal CMP [3] [4] [5] . As metals are polished, there is an exothermic reaction between the metal surface of the wafer and the chemicals in the slurry, resulting in a temperature rise on the pad surface. When the polish is complete and the underlying oxide layer is exposed, the exothermic reactions cease. This causes a sudden drop in the pad temperature. Studies have also found that pad temperature can be used as a reliable indicator of pad life [6] [7] [8] .
Several researchers that have reported pad temperature measurements during CMP. Hocheng et al. [6] measured pad temperature near the leading edge of a 4-inch oxide wafer polished on a SpeedFam-IPEC 372 polisher with a Rodel IC-1000 polishing pad using Rodel ILD1300 fumed silica slurry. Polishing was performed at 41 kPa with platen rotation of 30 rpm, wafer rotation at 60 rpm, and slurry injection at 52 mL/min. Temperatures as high as 35°C were found with up to 3.5°C variation depending on radial position. White [7] polished 4-inch oxide wafers at 30 rpm, 200 mL/min slurry injection and in situ conditioning. As wafer pressure was increased from 14 to 41 kPa, the temperature on the pad at the trailing edge of the wafer increases from 21°C to 26°C.
While pad temperature is fairly easy to measure, it is difficult to measure the temperature at the pad-slurry-wafer interface since the presence of the moving parts and the thin gap between the pad and wafer make it difficult to insert probes. Hence, little experimental data for this parameter exist. Sugimoto et al. [1] performed measurements with two thermocouples positioned between a 6-inch oxide wafer and its carrier. Temperature measurements were taken at the center and edge of the wafer while polishing at wafer and pad rotation rates of 60 rpm and an applied wafer pressure between 10 and 30 kPa. Both the slurry and pad temperatures were held constant at 8°C. The temperatures were similar at the two locations and averaged approximately 15°C for a standard pad and 20°C for a harder, denser pad. The temperature increased slightly over time. When a test was run with water instead of slurry, the measured temperature was only 10°C.
The current work describes a method to accurately measure the slurry temperature between the pad and wafer during CMP. Additional data acquired in this work include the pad-wafer friction force and the bow wave temperature. The bow wave is defined as the area of slurry buildup at the leading edge of the wafer. The technique developed is based on dual emission laser induced fluorescence (DELIF), which has been used to measure fluid film thickness and fluid mixing beneath a wafer during CMP [9] . In the work reported here, this technique was adapted to temperature measurement. Using DELIF the temperature can be measured nonintrusively, while polishing an optically transparent wafer. A brief overview of the techniques is presented below and a detailed description can be found in [10] .
EXPERIMENTAL METHODS
A 1:2 scaled CMP experimental development platform based on a Speedfam-IPEC 472 polisher has been constructed in order to develop a fundamental understanding of the thermalfluid, tribological and materials removal behavior during the CMP process [9, 11] . The scaled Rotopol-31 polisher and its associated attachments are shown schematically in Fig. 1 . The arrangement allows the down force to be transmitted to the wafer and the wafer is gimbaled so that it remains roughly parallel to the pad surface. A spring-loaded, 50-mm diamond grit conditioner is attached to the polisher. The conditioner rotates and sweeps independently across the pad radius.
[ Figure 1 about here] DELIF is used for real-time measurement of the temperature beneath the wafer. The technique uses the fluorescence from two different dyes, each fluorescing at different wavelengths, to measure extent of slurry mixing [9] , the apparent film thickness [11] [12] or, in this case, the temperature [10] in the wafer-pad region. Several modifications to a conventional CMP polisher are required to implement this measurement technique:
• A gimbal mounted glass wafer (transparent to visible light) is used in place of a conventional carrier and silicon wafer assembly.
• Dyed (i.e. darkened) polyurethane polishing pads are used in order to reduce the natural fluorescence of standard polyurethane pads.
• UV lamps are used to induce fluorescence of the dyes dissolved in the slurry.
• Two 12-bit CCD cameras with appropriate optical filters are employed to monitor the two fluorescence wavelengths.
Selecting the proper dyes is essential for making accurate temperature measurements. In these experiments, two dyes are selected such that the fluorescence of Dye No. 1 (2,3-Dicyanohydroquinone) contains information about the parameter of interest (i.e. temperature) as well as film thickness and light source distribution. Fluorescence from Dye No. 2 (Brilliant Sulfoflavin) contains information regarding film thickness and light source distribution. The dyes must have emission and absorption spectra that do not overlap significantly for this technique to work [9] . Normalizing the fluorescence of Dye No. 1 to that of Dye No. 2 causes the resulting signal (i.e. ratio) to be a function of temperature only. Proper calibration of this fluorescence ratio with temperature allows the slurry temperature under the wafer to be measured. The technique is accurate to within ±1°C. The temperature of the slurry bow wave is also measured using a thermocouple. The thermocouple is suspended in this slurry region, slightly in front of the wafer and slightly above the pad surface. The thermocouple data are averaged over two seconds immediately before DELIF data are collected.
Measuring the friction force between the polishing pad and wafer is important for several reasons. First, it is an independent means of verifying that data are consistent with other research. Second, friction is an important tribological parameter in CMP. Third, the relationship between friction and temperature should be directly linked. The polisher is placed on top of a friction table comprised of two parallel plates in order to measure friction, see Fig. 1 . The plates are allowed to move relative to one another in only one direction. A strain gauge is mounted between the two plates in order to measure the lateral force exerted by the top plate onto the bottom plate during polishing. Data sampled at 1 kHz are averaged over 10 seconds immediately after temperature data are collected. Table I is a summary of key process conditions. Most parameters including kinematics, wafer pressure and slurry flow rate are computer controlled and monitored. The computer synchronizes the friction measurement to the polishing process and the operation of the CCD cameras so that one can obtain real-time friction and temperature data. Cabot Microelectronic Corporation's KOH-based SC-1 slurry, diluted to 3.1 weight percent fumed silica abrasives, was used to ensure minimal polish. Otherwise the wafer curvature would change over the course of the experiment. Freudenberg's FX-9 polyurethane pads (pre-dyed by the manufacturer to reduce pad fluorescence) were employed in all experiments. Prior to data acquisition, a new pad was subjected to a 30-minute in-situ conditioning (100 grit diamond disk, 3.5 kPa disk pressure, 30 RPM rotational velocity with 30 sweeps per minute) with no wafer. This was followed by 30 minutes of conditioning with a dummy wafer at 27.6 kPa applied pressure and 0.31 m/sec relative linear velocity.
[ Table I about here]
EXPERIMENTAL RESULTS
The first results reported describe the dependence of temperature on the applied wafer pressure. The temperature increases as the wafer pressure or down force is increased, see Fig. 2 . Under wafer and bow wave temperature data are reported for both convex and concave wafers. All plotted points are averages of several data runs with multiple wafers. Temperatures are averaged both spatially (40 mm by 30 mm or 800 by 600 pixels) and temporally (15 seconds of optical measurements). Bow wave temperatures are the average of 10000 samples taken over 2 seconds. All temperatures are reported relative to the ambient (~23°C). Concave wafers produce higher temperatures than convex wafers, both in the bow wave and beneath the wafer. For example, bow wave temperature departure from ambient for convex and concave wafers are 2.8°C to 6.4°C, respectively, at 41.4 kPa. The corresponding under wafer temperature departures are 2.2°C to 12.5°C, respectively. Although the temperatures are lower for convex wafers, the temperature change over this range of pressures is similar. The friction force between the pad and the wafer increases, as the applied wafer pressure is increased, see Fig. 2 . There is a significant difference in the magnitude of the pad to wafer friction forces depending on wafer shape. Concave wafers induce a higher friction force per area (≈18 kPa) than convex wafers. These trends and relative magnitudes are consistent with previous data acquired by Lu [11] .
[ Figure 2 about here] An increase in wafer pressure causes a corresponding increase in the friction force, which, in turn, heats up the fluid and therefore increases the bow wave temperature, and temperature beneath the wafer. For convex wafers, as the wafer pressure is increased, the fluid layer between the wafer and polishing pad becomes thinner. There is more asperity contact, causing the higher friction force. The higher friction, coupled with the thinner fluid layer, causes the temperature beneath the wafer to increase. This leads to pad surface heating, which is also reflected in the bow wave temperature. For a concave wafer, the fluid layer is relatively constant over this range of wafer pressures. Most of the down force is carried by the edges of the concave wafer and this force increases as the wafer pressure increases. This increased force causes more friction at the pad-wafer interface and leads to higher temperatures beneath the wafer. This causes the pad and slurry to heat up and also increases the bow wave temperature.
One would expect that increasing linear velocity would tend to bring more slurry under the wafer and therefore decrease the frictional load. This is evident in the data, see Fig. 3 . However, one would therefore expect a decrease in the temperatures. On the other hand, faster linear velocities mean that the slurry has less time to cool before again entering under the wafer. The convex case shows little change in the temperature and the expected decrease in friction. The concave wafer, however, shows a marked increase in temperature despite the decrease in friction. This is puzzling and we do not have a good explanation for it. We have repeated this measurement with different wafers, pads, on different days and with different anemometry methods.
[ Figure 3 about here]
The friction force per area is higher for the concave wafers but the data are consistent for both wafer curvatures in that the friction decreases as the velocity is increased. For convex wafers, the fluid film thickness increases as the velocity is increased. This increases the lubrication in that the wafer hydroplanes and there is a decrease in asperity contact. However, it is unlikely that hydroplaning occurs with the concave wafer, as Lu [11] has shown that concave wafers are drawn closer to the pad through suction as the velocity is increased. It is less clear why friction forces decrease for concave wafers, but wear of the sharp leading edge may contribute to this phenomenon. Another potential contributor is the stick-slip phenomenon postulated by Lu [11] . This occurs predominately with concave wafers and is more apparent at higher linear velocities. It consists of the wafer repeatedly sticking, with a short period of high friction, and slipping, with a longer period of low friction. When the data are averaged, the mean friction force may decrease with linear velocity, even if the maximum friction forces are increasing.
The third parameter studied was effect of the slurry particle concentration on temperature. Diluted slurry (with KOH buffered water) with a solution of 3.1 wt% was used for most tests reported. This level of slurry dilution is not typically used in commercial oxide CMP. The diluted slurry was used in this research to limit polishing and maintain a consistent wafer curvature. A concentration of 13.4 wt% was used in a few tests to quantify the sensitivity. Data were only acquired for a convex wafer, because, although the wafer shape would change during the testing, it would remain convex, whereas a concave wafer would likely transition from concave to convex at some point during the experiment. The temperature and friction data are shown in Figs. 4 and 5. The temperature dependencies for the two dilution levels are similar with the temperatures 3-5°C higher for the higher concentration slurry. The friction forces, in nearly all cases, were lower for the high concentration slurry. This was a small data set that may not be representative. However these data are supported by the work of other researchers [13] . A possible explanation is that the friction force being detected is the bulk friction between the pad and wafer. As more particles are introduced into the pad-slurry-wafer interface, the bulk friction will decrease. These additional particles act as small rollers, adding lubrication. Nevertheless, on a micro-scale, the additional particles increase localized friction between the slurry particles and on the wafer surface. Each of the particles that come in contact with the wafer surface will produce friction and heat. If the number of these particles is increased, the friction, and therefore temperature, at the wafer surface will increase as well. By increasing slurry abrasive content, bulk friction force can be decreased, thus extending pad life; and temperature and abrasive contact can be enhanced, improving removal rates. Research has shown that above a slurry particle concentration of approximately 10-wt%, the pad surface will be saturated with slurry particles [14] . Thus, there is a limit to the performance benefits that can be achieved by increasing slurry particle concentration.
[Figures 4 and 5 about here]

DATA CORRELATION
The temperature and friction data yielded a number of useful correlations. A plot of the bow wave-under wafer temperature correlations for low concentration (3.1 wt%) slurry is found in Fig. 6 . The following correlation equation (R 2 =0.96) results for both wafer curvatures:
where T UW is the under wafer temperature and T BW is the bow wave temperature. This equation can be applied to nontransparent wafers to estimate the temperature beneath the wafer when the temperature in the bow wave is known. Figure 6 shows the correlation between bow wave temperature and the temperature beneath the wafer for both slurry concentrations. These data fit a single linear correlation with R 2 >0.99:
[ Figure 6 about here] Both Eqn. 1 and 2 are almost identical, implying that in general the bow wave temperature is 80% of the temperature under the wafer (less 5°C). Bow wave and under wafer temperatures are plotted against the friction force per area in Fig 7. Friction is the predominate cause of heating during polishing. As the data show, there is a linear relationship between the increase in friction force per area and an increase in temperature, when the relative linear velocity is held constant. As such, a correlation between the bow wave temperature, which can be more easily measured in actual CMP operations, and the friction force might enable the use of temperature to predict friction levels at the pad-wafer interface on industrial polishers. The bow wave temperature to friction force per area data correlation, as well as the analogous correlation of under wafer temperature, fit linear correlations very well. For example, bow wave temperature-friction force correlating equation is:
where FF is the friction force per area (kPa) with R 2 =0.99.
[ Figure 7 about here]
CONCLUSIONS
Characterizing temperature in the vicinity of the wafer surface during oxide CMP is important in determining material removal rates. We have developed a non-intrusive technique to measure the temperature at the pad-slurry-wafer interface and these data are used in concert with non-optically based measurement of bow wave temperature and the friction force between the pad and wafer. The data show an increase in all temperatures as the applied wafer pressure is increased, primarily due to an increase in pad asperity contact with the wafer surface and a decrease in the fluid film thickness. There is a significant difference in temperature and friction data depending on wafer curvature. Concave wafers induce higher temperatures and greater friction forces per area. Convex wafer temperatures are seemingly unaffected by changes in relative linear velocity, while the friction force per area decreases with increasing relative linear velocity. Concave wafers yield increasing bow wave temperatures, with only slightly increasing temperatures under the wafer as the relative linear velocity is increased. The friction force per area decreases as the linear velocity is increased. Increasing the solid particle concentration in the slurry causes an increase in temperatures and a decrease in the friction force per area. Good correlations exist between the bow wave and under wafer temperatures as well as the friction 
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